An experimental and numerical investigation of the use of liquid flow in serpentine microchannels for microelectronics cooling by Al-Neama, AF et al.
This is a repository copy of An experimental and numerical investigation of the use of 
liquid flow in serpentine microchannels for microelectronics cooling.
White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/111922/
Version: Accepted Version
Article:
Al-Neama, AF, Kapur, N orcid.org/0000-0003-1041-8390, Summers, J 
orcid.org/0000-0001-8266-5038 et al. (1 more author) (2017) An experimental and 
numerical investigation of the use of liquid flow in serpentine microchannels for 
microelectronics cooling. Applied Thermal Engineering, 116. pp. 709-723. ISSN 1359-4311
https://doi.org/10.1016/j.applthermaleng.2017.02.001
© 2017 Elsevier Ltd. This manuscript version is made available under the CC-BY-NC-ND 
4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/
Reuse 
Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright 
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy 
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The 
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White 
Rose Research Online record for this item. Where records identify the publisher as the copyright holder, 
users can verify any specific terms of use on the publisher’s website. 
Takedown 
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 
[1] 
 
An experimental and numerical investigation of the use of liquid flow in serpentine 
microchannels for microelectronics cooling 
Ahmed F.  Al-Neama a, b, *, Nikil Kapur a, Jonathan Summers a, Harvey M. Thompson a  
a
 Institute of Thermofluids, School of Mechanical Engineering, University of Leeds, LS2 9JT, United Kingdom. 
b
 Department of Mechanical Engineering, Faculty of Engineering, University of Mosul, Iraq. 
*Corresponding author. Email: ahmedfalneama@gmail.com 
 
Abstract: 
This paper presents a combined experimental and numerical investigation of single-phase water flow and heat transfer in serpentine 
rectangular microchannels embedded in a heated copper block. The performance of four different microchannel heat sink (MCHS) 
configurations are investigated experimentally, the first having an array of straight rectangular microchannels (SRMs), while the 
other have single (SPSMs), double (DPSMs) and triple path multi-serpentine rectangular microchannels (TPSMs). Three-
dimensional conjugate heat transfer models are developed for both laminar and turbulent single-phase water flows in each of these 
MCHSs and the governing flow and energy equations solved numerically using finite elements. The numerical predictions of 
pressure drop ( ? )ܲ and average Nusselt number (ܰݑ௔௩௚) are in good agreement with experimental data, and indicated that the single 
path serpentine microchannel (SPSM) leads to a 35% enhancement of the ܰݑ௔௩௚ at a volumetric flow rate of  ?Ǥ ?݈Ȁ݉݅  ݊and a 19% 
reduction in total thermal resistance (ܴ௧௛) compared to the conventional SRM heat sink. However, this enhancement is at the expense 
of a large (up to ten-fold) increase in  ?  ܲcompared to the SRM heat sink, so that a suitable compromise must be struck between heat 
transfer and pressure drop in practical MCHS designs. 
Keywords:  Experiments, Conjugate Heat Transfer, CFD, Serpentine MCHS. 
1. Introduction 
The increasing density of transistors in electronic components and products is leading to an inexorable rise in the heat 
dissipation that must be achieved in order to preserve reliability and performance. The International Technology 
Roadmap for Semiconductors (ITRS) in 2010, for example, predicted a continuous increase in transistor density to reach 
10 billion transistors/cm2, by 2018 [1]. For this reason, improving the thermal management of electronic devices is a 
crucial goal for future generation of electronic systems. Single-phase microchannel heat sinks (MCHSs) with water as a 
coolant are an increasingly common means of cooling electronic devices because of their ability to provide very high 
convective heat transfer fluxes. Single-phase MCHSs rely on sensible heating achieve the cooling, where high heat 
transfer coefficients (݄) can be achieved simply by using small microchannel dimension [2]. Flow boiling (Two-phase 
flow) MCHSs, on the other hand, have also received much attention from researchers due to their ability to dissipate 
high heat fluxes with lower pumping powers compared with single-phase liquid MCHSs, by utilising the coolant's latent 
heat [3]. However, pressure fluctuations and flow reversal associated with flow boiling instabilities can reduce the heat 
transfer characteristics in MCHS [4]. 
The use of single-phase MCHS was proposed by Tuckerman and Pease [5] in 1981, who used a water-cooled heat sink, 
fabricated with an array of SRMs etched in a 1cm2 silicon wafer. Their pioneering work stimulated many researchers to 
investigate the fluid flow and thermal performance of the MCHS using different substrate materials with various cooling 
liquids, see e.g. the recent review of Salman et al. [6] Another major milestone was the experimental study of Phillips 
[7] on rectangular MCHS test section with an Indium Phosphide heat sink substrate and water as a coolant. Subsequently, 
a computer model was developed to predict the thermal and flow characteristics of this MCHS, under fully developed 
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and developing flow conditions for both laminar and turbulent flow regimes. The numerical results agreed very well 
with the experimental data, and demonstrated that total thermal resistance (ܴ௧௛ ) less than 0.1°C/(W/cm2) can be 
achieved, albeit with pressure drops in excess of 2.5 bar. Peng and Peterson [8,9] investigated experimentally the forced 
convective heat transfer and pressure drop for water flows in SRMs having hydraulic diameters between 0.133mm and 
0.367 mm and water velocities between 0.2 and 12m/s. They created empirical heat transfer correlations for both the 
laminar and turbulent flow regimes which indicated that the geometric configuration of the MCHS (specifically the 
aspect ratio (ܪ௖௛ ௖ܹ௛ ? ), hydraulic diameter (ܦ௛), and ratio of hydraulic diameter and microchannel centre-to-centre 
distance (ܦ௛ ௖ܹ ? )) were very influential. 
Qu and Mudawar [10] conducted numerical investigation of the fluid flow and heat transfer in a rectangular MCHS 
similar to that used in the experimental work carried out by Kawano et al. [11]. They observed that the Nusselt number 
(ܰݑ) and heat flux had much higher values in the region near the channel inlet due to the thin thermal boundary layer in 
the developing region, and its value varied around the channel periphery, approaching zero in the corners where the flow 
is weak. Heat sinks with rectangular [5,7-11], trapezoidal [12-14], triangular [15] and circular microchannels [16-18] 
have been studied extensively, however a small number of experimental studies have demonstrated that other novel 
shapes, including U-shaped [19], wavy [20,21], tortuous [22,23] and serpentine [24] channels, can offer attractive 
performance advantages. A number of other channel shapes such as zigzag, curvy and step-shaped channels have been 
investigated numerically by Mohammed et al. [25,26]. This showed that the heat transfer performance of these were 
superior to those of straight and wavy channels, with the zigzag channel having the highest friction factor and pressure 
drop penalty followed by the curvy and step-shaped channels. These studies have demonstrated that convective heat 
transfer in the laminar flow regime can be enhanced by inducing recirculating flow in the microchannels. For curved 
channels, the eddies generated by centrifugal forces can enhance mixing and the resultant convective heat transfer [21]. 
Recently Chen et al. [27] used numerical and experimental method to study thermal resistance (ܴ௧௛) and pressure drop 
( ? )ܲ in a single path serpentine MCHS. By parametrising the MCHS using four design variables, namely, the number 
of channels, width of channel, height of channel and inlet flow velocity, they explored the dependence of both  ܴ௧௛ and  ?  ܲon these parameters.  
This paper presents the first comprehensive experimental and numerical investigation of the thermal and hydraulic 
performance of water flows within DPSM and TPSM. The performance of two designs are compared experimentally 
and numerically with both of the conventional SRM and SPSM heat sinks in terms of  ? ,ܲ ܴ௧௛ and ܰݑ, for a wide range 
of water flow rates. The paper is organised as follows: The MCHSs of interest, experimental apparatus and analytical 
techniques used to determine their heat transfer and flow characteristics are described in section 2. The conjugate heat 
transfer model is described in section 3 and a comprehensive series of experimental and numerical results is presented 
in section 4. Conclusions are drawn in section 5.  
2.  Experimental Methods 
2.1. Experimental set-up and procedure 
A schematic diagram of the main components of the experimental test rig is given in Fig. 1. Water from a 23 litre 
reservoir tank is driven through the flow loop using a miniature diaphragm water pump, passes through a flowmeter 
with constant flow rates ranging from  ?Ǥ ? െ  ?Ǥ ?݈Ȁ݉݅݊ and an inlet water temperature to the MCHS set to 20°C. The 
mass flow rate is controlled accurately by adjusting the pump speed by regulating the voltage and current supplied by a 
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DC-power supply and using a bypass flow loop and control valve. K-type sheathed thermocouples with 0.5 mm probe 
diameter were inserted into the inlet and outlet plenum of the test section to measure the water temperature at the 
microchannel inlet and outlet respectively. The total pressure drop between the inlet and outlet plenum of the MCHS 
models was measured using a digital pressure meter (model Comark C9555) having a range of 0 to 2.1 bar. Two power 
film resistors of resistance ȍ(MP9100 (TO-247)), mounted at the bottom of the MCHS, were used as a heat source 
with the maximum power reaching 100W for each one. The voltage and current input to the power film resistor heater 
was controlled by a DC power supply unit with an output range of 0-35 V and 0-4 A. Clear plastic tubes with an 
outer/inner diameter of 4mm/2.2mm and fittings were used to construct the flow loop. To minimise heat loss to the 
surrounding environment, the MCHS copper block was packed with insulating fibre glass, and then placed inside a clear, 
covered Acrylic Perspex plastic box having dimensions (10×10×10) cm3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.2.  Design and fabrication of the MCHS test sections 
Four different MCHSs were designed using SolidWorks [28] and manufactured using a high-accuracy Computer 
Numerical Control (CNC) milling machine (FANUC ROBODRIL). Copper was used as a material for the MCHS due 
to its high thermal conductivity of 388W/m.K at 20°C. The entire thickness (ܪ) of the straight and serpentine MCHS 
designs was 5.5mm and 6.5mm respectively, while all the MCHSs had the same surface area of 45mm×41mm, the same 
base plate thickness (ܪ௕) of 3.5mm and 12 parallel, rectangular microchannels with a 1mm wall thickness ( ௪ܹ) between 
each microchannel. The microchannel base average surface roughnesses (ߝ) of all the MCHS models were measured 
using BRUKER-NPFLEX-LA 3D Surface Metrology System, and it was found to be  ?Ǥ ? ?േ  ?Ǥ ? ?ߤ݉. Around each 
microchannel top there is a groove made for an O-ring seal with a depth and width of 0.7mm and 1.5mm respectively to 
prevent water leakage. 
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The first MCHS test section had a series of parallel channels of rectangular cross section with width ( ௖ܹ௛), depth (ܪ௖௛) 
and length (ܮ௖௛) of 1mm, 2mm and 21mm respectively. The inlet and outlet manifolds of the MCHS were trapezoidal 
in shape and had tapered longitudinal sections for distributing the fluid flowing into and collecting fluid flowing out of 
the microchannels, as shown in Fig. 2. These manifolds were chosen to ensure that each channel had approximately the 
same mass flow rate of water. The other three MCHS test sections had a multi-serpentine rectangular cross section, 
referred to as the single path serpentine microchannel (SPSM), a double path serpentine microchannel (DPSM), and a 
triple path serpentine microchannel (TPSM), as illustrated in Fig. 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Each MCHS was assembled with an Acrylic Perspex plastic sheet cover held onto the copper block by twelve stainless 
steel mounting screws (M3×0.5) and sealed with an O-ring. The force provided by the mounting screws was sufficient 
to seal the channels from the ambient environment and prevent water leakage to the outside of the MCHS models. Two 
5mm circular through holes were drilled on the top side surfaces of the plastic covers and a male run tee union adapter 
Fig. 3: Actual pictures and top view of (a) single, (b) double and (c) triple path 
multi-serpentine rectangular MCHS designs, all dimensions in mm. 
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fixed on these threaded holes to create inlet and outlet water passages and to allow the inlet and outlet pressure to be 
measured, see Fig. 4. Two power film resistors were then permanently adhered on the bottom side of each MCHS test 
section using a thin consistent layer of thermal Ethoxy (Electrolube, TCER) with thermal conductivity of 2.2 W/m.K. 
The thickness of the thermal Ethoxy layer is measured manually for all the MCHS designs using a digital Vernier caliper, 
and was found to be  ? ? ?ߤ݉ േ  ?ߤ݉. 
 
 
 
 
 
 
 
 
 
 
 
 
To record the maximum junction temperature of the resistor accurately, a small hole of diameter of 1mm was drilled 
from one side of the resistor until it reaches half the width of the resistor. In order to reduce the likelihood of defects to 
the thermal resistor and to bring a thermocouple as close to the junction temperature as possible, a gap of 0.25mm is left 
from the Nickel-Chromium (Ni-Cr) layer, see Fig. 5. A K-type thermocouple was inserted inside the bored hole in the 
heater surface located at the centre-line of the resistor, and the void filled with thermal Ethoxy material to prevent 
thermocouple movement and to fill the air-gap that existed between the hole and the thermocouple. 
 
 
 
 
To measure the wall temperature distribution along the MCHS sample, four K-type sheathed thermocouples with 0.5 
mm probe diameter were inserted in the copper block at a distance of 1.75mm below the microchannel base until they 
reached half the width of the MCHS specimen. The locations of the thermocouple holes, as measured from the inlet of 
the MCHS and along its length are shown in Fig. 6. Thermal paste was used to fill the holes to ensure accurate 
temperature measurement. 
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Fig. 5: Schematic diagram to measure the junction temperature.  
 
Fig. 4: Exploded view of triple path multi-serpentine MCHS model. 
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2.3.  Experimental measurements and data analysis 
2.3.1   Heat loss measurements 
Before conducting any experiments, the rate of heat loss dissipated from the MCHS specimen to the surroundings via 
natural convection, radiation and conduction was estimated. The maximum average heat loss was estimated to be 
approximately 8% of the input power from each model. This value was obtained from energy balance tests, where the 
enthalpy rise of the water flowing inside the MCHS test sections was compared with the electrical input power supplied 
to the heater. The steady-state sensible heat gain by the working fluid (Water) is given by: ݍ ൌ ߩ௙ Ǥ ܳ௜௡Ǥ ܥ݌௙൫ ௙ܶǡ௢௨௧ െ ௙ܶǡ௜௡൯ ൌ ܸǤ ܫ െ ݍ௟௢௦௦ ൌ  ?Ǥ ? ?ሺܸǤ ܫሻ                                                                                       (1) 
Where ௙ܶǡ௜௡ and ௙ܶǡ௢௨௧ are respectively the inlet and outlet water temperatures, which are obtained experimentally using 
the two thermocouples mounted upstream and downstream of the microchannels. The ߩ௙ and ܥ݌௙ are respectively the 
density and specific heat capacity of the water, which are determined based on the average of the fluid inlet and outlet 
temperatures ( ௙ܶǡ௔௩௚ ൌ ൫ ௙ܶǡ௜௡ ൅  ௙ܶǡ௢௨௧൯  ? ? ). The V and I represent the voltage and current supplied to the heater by a 
DC-power supply device, respectively, while ݍ௟௢௦௦  denotes the heat loss rate. The term ܳ௜௡  (m3/sec) represents the 
volumetric flow rate of water which is measured with a flowmeter (ܳ௜௡ ൌ ݊Ǥ ௖ܸ௛Ǥ ܣ௖௛), where ௖ܸ௛ denotes the water 
velocity in the microchannel, while ݊  and ܣ௖௛  respectively represent the number and cross sectional area of the 
microchannel (ܣ௖௛ ൌ ܪ௖௛ ൈ ௖ܹ௛), see Fig. 2. 
2.3.2   Heat transfer analysis 
The local heat transfer coefficient (݄௫) and the average heat transfer coefficient (݄௔௩௚) can be calculated from Newton's 
law of cooling as: ݄௫ ൌ ௤௡Ǥ஺೐೑೑൫்ೢǡ೟೎೔ି்೑ǡೣ൯                                                                                                                                                 (2) ݄௔௩௚ ൌ ௤௡Ǥ஺೐೑೑൫்ೢ ǡೌೡ೒ି்೑ǡೌೡ೒൯                                                                                                                                         (3) 
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The average channel base temperature can be obtained by ( ௪ܶǡ௔௩௚ ൌ  ? ௪ܶǡ௧௖௜ସ௜ୀଵ  ? ? ). Since direct measurement of the 
channel base temperature is difficult, it is determined by assuming one-dimensional steady state heat conduction between 
the thermocouple location (ݐܿ݅) and the microchannel base in the y direction. Accordingly, the local microchannel base 
temperature ( ௪ܶǡ௧௖௜)  can be evaluated by: 
௪ܶǡ௧௖௜ ൌ  ௬ܶǡ௧௖௜ െ ௬Ǥ௤஺೓Ǥ௞ೞ                                                                                                                                                  (4) 
where ௬ܶǡ௧௖௜  represents the temperature closer to the microchannel base wall which was measured experimentally using 
a thermocouple, the subscript i denotes the location of the thermocouple used to measure the microchannel base 
temperature and ܣ௛ is the bottom heated area of the MCHS over which heating is provided by the resistors. In addition, ݇௦ is the thermal conductivity of the heat sink material and ݕ is the distance between the bottom wall of the microchannel 
and the thermocouple embedded to measure ௬ܶǤ௧௖௜ as shown in Fig. 6. ௙ܶǡ௔௩௚ and ௙ܶǡ௫ respectively denote the average 
fluid temperature and the local fluid bulk mean temperature at location ݔ along the axial location of the channel: 
௙ܶǡ௫ ൌ ௙ܶǡ೔೙ ൅ ௫௅೎೓ ൫ ௙ܶǡ೚ೠ೟ െ ௙ܶǡ೔೙൯                                                                                                                                   (5) 
In the experiments heat is transferred to the fluid through three microchannel walls only and the fourth wall (Top) is 
assumed to be adiabatic. Hence ܣ௘௙௙, the effective surface area available for convective heat transfer per microchannel, 
for the single straight rectangular microchannel can be calculated as: ܣ௘௙௙ ൌ ܣ௕௔௦௘ ൅ ߟ௙ Ǥ ܣ௙௜௡ ൌ ܮ௖௛൫ ௖ܹ௛ ൅  ?ܪ௖௛  ? ߟ௙൯                                                                                                       (6) 
where ܣ௕௔௦௘ represents the bottom area for convection for each microchannel, ܣ௙௜௡ corresponds to the area of one side 
wall for a single microchannel and ܮ௖௛ denotes the microchannel length. The term ߟ௙ is defined as the fin efficiency 
assuming an adiabatic tip condition which is correlated by: ߟ௙ ൌ ௧௔௡௛ሺ௠Ǥு೎೓ሻ௠Ǥு೎೓        where the fin parameter (݉) is given by      ݉ ൌ ට ଶ௛ௐೢǤ௞ೞ .                                                           (7) 
The effective heat transfer area of the single path multi-serpentine rectangular MCHS can be obtained by: ܣ௘௙௙ ൌ ቀ݊Ǥ ௖ܹ௛ Ǥ ܮ௖௛ ൅ గଶ ሺ݊ െ  ?ሻሺݎଵଶ െ ݎଶଶሻ ൅  ?ݎଵǤ ௖ܹ௛ቁ ൅ ߟ௙ሺ ?݊Ǥ ܪ௖௛Ǥ ܮ௖௛ ൅ ߨܪ௖௛ሺ݊ െ  ?ሻሺݎଵ ൅ ݎଶሻ ൅  ?ݎଵǤ ܪ௖௛ሻ     (8)                                                                                      
where ܮ௖௛ represents the length of the straight microchannel ൫ܮ௖௛ ൌ ܮ െ  ?ሺ ௦ܹ ൅ ݎଵሻ൯. The symbols ݎଵand ݎଶdenote the 
outer and inner radius of the curved microchannel respectively, while ௦ܹ represents the outside wall thickness as shown 
in Fig. 3(a). For the SRM model ܣ௘௙௙ ൌ1260 mm2, while for the SPSM, DPSM and TPSM models ܣ௘௙௙ ൌ 2143, 2124 
and 2064 mm2, respectively. The average Nusselt number (ܰݑ௔௩௚) of the fluid can be expressed as: ܰݑ௔௩௚ ൌ  ௛ೌೡ೒Ǥ஽೓௞೑                                                                                                                                                            (9) 
where ݇௙  represents the fluid thermal conductivity which is evaluated at ௙ܶǡ௔௩௚ , and ܦ௛ denotes the microchannel 
hydraulic diameter ቀܦ௛ ൌ ସ஺೎೓௉ೢ ൌ  ଶሺௐ೎೓Ǥு೎೓ሻௐ೎೓ାு೎೓ ቁ. 
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2.3.3   Pressure drop analysis 
A digital pressure gauge was used to measure the total  pressure drop ( ? ௧ܲ) directly using two plastic tubes connected 
to the inlet and outlet of the MCHS plenum. The values of  ? ௧ܲ for the straight rectangular microchannel (SRM) heat 
sink can be obtained analytically by summing the major and minor pressure losses ( ? ௧ܲ ൌ  ? ௖ܲ௛ ൅  ? ௠ܲ௜௡௢௥௟௢௦௦௘௦). The 
minor losses in the present work have eight components as depicted in Fig. 6. The first two components are due to flow 
of water inside the inlet and outlet tube of the male run tee union positioned on the top of the MCHS cover, while the 
third and fourth components are due to the 90 degree bends, ܭଽ଴, that forms between the outlet of the tube and the inlet 
plenum (header) from the inlet side of the MCHS and the bend that forms between the outlet plenum and the tube inlet 
from the outlet side of the MCHS. The fifth and sixth pressure losses occur respectively due to the sudden expansion 
between the outlet tube and inlet plenum (ܭ௘೔೙೗೐೟) and the sudden expansion between the microchannel exit and the outlet 
plenum (ܭ௘). Similar pressure losses occur due to sudden contractions to give the last two pressure loss components, the 
first one was at the inlet plenum and microchannel inlet (ܭ௖೚ೠ೟೗೐೟) and the second at the outlet plenum and the inlet tube 
(ܭ௖).  
The major component of the pressure drop ( ? ௖ܲ௛) occuring in the core of the microchannels can be obtained by summing 
two components, the first component is due to the frictional factor in the developing region which occurs in the entrance 
region of the microchannel, while the second component is obtained in the fully developed region in the remaining 
length of the channel, as shown in Fig. 6. For the SRM heat sink, the total pressure drop ( ? ௧ܲ ?ௌோெ) between the inlet and 
outlet MCHS can be expressed as: 
 ? ௧ܲ ?ௌோெൌ  ఘ೑ ?௏೎೓మଶ ൭ሺ ?ܭଽ଴ሻ  ? ൬஺೎೓஺೛ ൰ଶ ൅ ܭ௖ ൅ ܭ௘ ൅ ସ௙ೌ ೛೛ Ǥ௅೎೓஽೓ ൱ ൅ ቆߩ௙  ? ௧ܸ௨௕௘ଶ ቀସ௙೟ೠ್೐Ǥ௅೟ೠ್೐஽೟ೠ್೐ ቁቇ ൅ ఘ೑ ?௏೟ೠ್೐మଶ ቀ஺೟ೠ್೐஺ು ቁଶ ൫ܭ௘೔೙೗೐೟ ൅ ܭ௖೚ೠ೟೗೐೟൯           (10) 
௔݂௣௣ refers to the apparent friction factor and accounts for the pressure drop due to friction and the developing region 
effects [29]. For developing laminar and turbulent flow regimes, ௔݂௣௣ can be calculated by using correlation equations 
proposed by Shah [30] and Phillips [7] respectively, see Table 1 in the Supplementary Data (SD), section 1. The plenum 
area of the SRM heat sink design is 79.64mm2, while the length and diameter of the inlet and outlet tube of the male run 
tee union are 25mm and 2.5mm, respectively. The loss coefficient of the sudden expansion (ܭ௘೔೙೗೐೟) and the sudden 
contraction (ܭ௖೚ೠ೟೗೐೟) can be predicted using the simple relationships found in Idelchik [31]: ܭ௘೔೙೗೐೟ ൌ ቀ ? െ஺೟ೠ್೐஺ು ቁଶ ܽ݊݀ܭ௖೚ೠ೟೗೐೟ ൌ  ?Ǥ ? ?ቀ ? െ஺೟ೠ್೐஺ು ቁ                                                                           (11)                                                                                                                      
where ܣ௧௨௕௘ and ௧ܸ௨௕௘ respectively represent the area (ߨܦ௧௨௕௘ଶ  ? ? ) and velocity (ܳ௜௡ ܣ௧௨௕௘ ? ) of the male run tee union 
tube. Since the flow inside the tubes was found to be in the turbulent regime for most of the water flow rates used, the 
correlation equation offered by Phillips [7] can be used to evaluate the friction factor. The ܭଽ଴ denotes the bend loss 
coefficient associated with each of the 90° bends at the channel inlet and outlet and Phillips [7] recommended ܭଽ଴ §1.2. 
Whereas ܭ௖ and ܭ௘   respectively represent the contraction and expansion loss coefficients due to area changes which 
are based on the ratio of the channel area to the plenum flow area (ܣ௖௛ ܣ௉ ? ) and the flow regime (laminar or turbulent), 
their values can be estimated from the graphical information given for a square channel by Kays and London [32]. 
With regard to the SPSM with ݊ channels and a total ݊ െ  ? fins (U-bends), see Fig. 3(a), the total pressure drop is caused 
by two components, namely pressure drop due to straight channel friction and U-bends. Thus, the total pressure drop for 
the MCHS can be written in general form following [33]: 
[9] 
 
 ? ௧ܲ ൌ ଵଶ Ǥߩ௙Ǥ ௖ܸ௛ଶ ቀ ? ௔݂௣௣  ?௅೟஽೓ ൅   ? ߦ௜௡ିଵ௜ୀଵ ቁǤ                                                                                                                (12) 
The symbol ߦ௜  represents the excess loss coefficient of bend ݅ in the MCHS, and ܮ௧  denotes the total length of the 
channel (The length of both straight and bend channels based on mean radius of curvature of the bend). To calculate the 
value of the excess bend loss coefficient (ߦ), Maharudrayya et al. [33] carried out numerical simulations of laminar 
single-phase flow through 180o bends and serpentine rectangular channels using CFD, and three-regime correlations 
proposed, see SD, section 3. Hence, the total pressure drop for SPSM can be simplified to be:  ? ௧ܲ ?ௌ௉ௌெൌ  ଵଶ  ? ߩ௙  ? ௖ܸ௛ଶ ቀ ? ௔݂௣௣  ?௅೟Ǥ஽೓ ൅  ? ߦ௜௡ିଵ௜ୀଵ ൅ ܭ௖ ൅ ܭ௘ቁ,                                                                                        (13) 
for the double path multi-serpentine rectangular microchannel (DPSM) design, the total pressure drop can be written as:  ? ௧ܲ ?஽௉ௌெൌ  ఘ೑ ?௏೎೓మଶ ൬ସ௙ೌ ೛೛ Ǥ௅೟஽೓ ൅  ? ߦ௜௡ିଶ௜ୀଵ ൅ ܭ௖ ൅ ܭ௘ ൅  ?ܭଽ଴ ൬஺೎೓஺೛ ൰ଶ൰ ൅ ߩ௙ ௧ܸ௨௕௘ଶ ቀସ௙೟ೠ್೐Ǥ௅೟ೠ್೐஽೟ೠ್೐ ቁ ൅ ఘ೑ ?௏೟ೠ್೐మଶ ቀ஺೟ೠ್೐஺ು ቁଶ ൫ܭ௘೔೙೗೐೟ ൅ ܭ௖೚ೠ೟೗೐೟൯        (14) 
and the total pressure drops for a triple path multi-serpentine rectangular microchannel (TPSM) design can be expressed 
by:  ? ௧ܲ ?்௉ௌெൌ  ఘ೑ ?௏೎೓మଶ ൬ସ௙ೌ ೛೛Ǥ௅೟஽೓ ൅  ? ߦ௜௡ିଷ௜ୀଵ ൅ ܭ௖ ൅ ܭ௘ ൅  ?ܭଽ଴ ൬஺೎೓஺೛ ൰ଶ൰ ൅ ߩ௙ ௧ܸ௨௕௘ଶ ቀସ௙೟ೠ್೐Ǥ௅೟ೠ್೐஽೟ೠ್೐ ቁ ൅ ఘ೑ ?௏೟ೠ್೐మଶ ቀ஺೟ೠ್೐஺ು ቁଶ ൫ܭ௘೔೙೗೐೟ ൅ ܭ௖೚ೠ೟೗೐೟൯.        (15) 
The Fanning friction factor ( ி݂) was utilized in this work. It is defined as the ratio of wall friction forces to inertia forces 
and the ி݂ in rectangular microchannels can be rewritten as: 
௖݂௛ ൌ ଶఛೢఘ೑Ǥ௏೎೓మ ൌ  ?௉೎೓Ǥ஽೓ଶఘ೑Ǥ௅೎೓Ǥ௏೎೓మ ൌ ௐ೎೓య  ?ு೎೓య  ? ?௉೎೓ఘ೑Ǥ௅೎೓Ǥொ೔೙మ ሺௐ೎೓ାு೎೓ሻ                                                                                                     (16) 
where ߬௪ denotes the wall shear stress. The ி݂ occurring inside the curved channel is given by: 
௖݂௨௥௩௘ ൌ   ?௉೎೓Ǥ஽೓ଶఘ೑Ǥ௅೎ೠೝೡ೐Ǥ௏೎೓మ ൌ  ଵ଼଴గ ?ோ೎ ?ఏൈ ௐ೎೓య  ?ு೎೓య  ? ?௉೎೓ఘ೑Ǥொ೔೙మ ሺௐ೎೓ାு೎೓ሻ                                                                                                   (17) 
where ߠ and ܴ௖ are respectively the angle of the channel (in degrees) and radius of curvature, while ܮ௖௨௥௩௘ represents 
the length of the curved channel (ܮ௖௨௥௩௘ ൌ గ ?ோ೎ ?ఏଵ଼଴ ).  
2.4. Experimental uncertainty 
In the present work, the ASME standard [34] and the Root-Sum-Square (RSS) method described by Coleman and Steele 
[35] were used to estimate the experimental uncertainties, ܷ. In the experiments, an electronic digital Vernier caliper is 
used to measure various geometric dimensions of the MCHS test sections. Uncertainties for various critical parameters 
are tabulated in Table 3 in SD, section 2. 
3.  Mathematical model 
3.1  Governing equations 
Three-dimensional, steady, single-phase water flow and heat transfer in the MCHSs is modelled by assuming the flow 
is incompressible and that the effects of radiation and natural convection are negligible. Flow is modelled using the 
following continuity and Navier-Stokes momentum equations: ׏Ǥ ܝ ൌ  ?                                                                                                (continuity equation)                                        (18)  ߩ௙ሺܝǤ ׏ሻܝ ൌ ׏  ?ൣെ݌C? ൅ ߤ௙ሺ׏ܝ ൅ ሺ׏ܝሻ்ሻ൧ ൅ C?                                  (momentum equation for laminar flow)           (19)  
[10] 
 
ߩ௙ሺܝǤ ׏ሻܝ ൌ ׏  ?ቂെ݌C? ൅൫ߤ௙ ൅ ߤ்൯ሺ׏ܝ ൅ ሺ׏ܝሻ்ሻ െ ଶଷ ߩ݇C?ቃ ൅ C?        (momentum equation for turbulent flow)         (20)  
Eqs. (19 and 20) are the momentum equations for steady and incompressible for both laminar and turbulent flow regimes. ܝ and ݌ are respectively the fluid velocity vector and the fluid pressure (Pa). The term C? is the body force per unit volume 
(N/m3) and C? denotes the unit diagonal matrix. The Reynolds number in the tube can be calculated by (ܴ݁ ൌ ఘ೑Ǥ௏೟ೠ್೐Ǥ஽೓ఓ೑ ) 
and both laminar and turbulent cases are considered. In the present study the standard ݇-߱ turbulence model has been 
used [36,37] to provide a robust and accurate model. The ݇-߱ model introduces two additional variables: the turbulent 
kinetic energy, ݇ሺ݉ଶ ݏଶ ? ), and specific dissipation rate, ߱ሺ ? ݏ ? ሻ. The transport equations for ݇ and ߱ that used in the 
CFD model are based on those given by Wilcox [38]:  ߩሺܝǤ ׏ሻ݇ ൌ ׏  ?ሾሺߤ ൅ ߤ்ߪ௞כሻ׏݇ሿ ൅ ௞ܲ െ ߩߚ௢כ߱݇                                                                                                           (21)                  ߩሺܝǤ ׏ሻ߱ ൌ ׏  ?ሾሺߤ ൅ ߤ்ߪఠሻ׏߱ሿ ൅ ߙ ఠ௞ ௞ܲ െ ߩߚ௢߱ଶ                                                                                                   (22) 
The production term and the turbulent viscosity are defined by:                                                      
௞ܲ ൌ ߤ்ሾ׏ܝǣ ሺ׏ܝ ൅ ሺ׏ܝሻ்ሻሿ ,        ߤ் ൌ ߩ ௞ఠ                                                                                                               (23)                      
while the empirical turbulent model constant parameters are (ߙ ൌ ଵଷଶହ ǡ ߪ௞כ ൌ ଵଶ ǡ ߪఠ ൌ ଵଶ ǡ ߚ௢ ൌ ଽଵଶହ ǡ ߚ௢כ ൌ ଽଵ଴଴).  
The heat transfer (energy) equations for the liquid and the solid can be expressed respectively as: ߩ௙ܥ௣೑ܝǤ ׏ܶ ൌ ׏  ? ቀ൫݇௙ ൅ ்݇൯׏ܶቁ ൅ ܳ                                                                                                                        (24)    ׏  ?ሺ݇௦׏ܶሻ ൌ  ?                                                                                                                                                              (25)   
where ܥ௣೑ and ݇௙ denote the specific heat and thermal conductivity of the fluid respectively, ܳ represents the internal 
heat generation (W/m3) and݇௦ represents the thermal conductivity of the solid (heat sink). ்݇ is the turbulent thermal 
conductivity ൬்݇ ൌ ఓ೅Ǥ஼೛೑௉௥೅ ൰, and ்ܲݎ  is the turbulent Prandtl number (using Kays- Crawford [39]). The above flow and 
heat transfer equations are solved using COMSOL Multiphysics version 5.2. 
3.2    Boundary conditions: 
The computational domain and boundary conditions used are highlighted in Fig. 7. Except at the bottom of the MCHS, 
all the outer surface boundaries are considered to be adiabatic. Heating power was supplied at the bottom surface of the 
MCHS using two resistance heaters via (െ࢔Ǥ ሺെ݇׏ܶሻ ൌ ݍ ܣ௛ ? ), where the term ࢔ denotes the outward normal vector 
on the boundary of the domain. A thin layer of Ethoxy, with thickness (݀௟) of  ? ? ?ߤ݉ and thermal conductivity (݇௟) of 
2.2 W/(m.K), was mounted between the heater and the base of the heat sink. There is no internal heat generation in the 
MCHS, so ܳ ൌ  ? there, see Eq. (24). 
 
 
 
 
 
[11] 
 
 
 
 
 
 
 
 
 
 
 
 
No-slip velocity boundary conditions ܝ࢙ ൌ  ? are used at solid walls and wall temperatures are defined by ௦ܶ ൌ ௙ܶ௔௧௪௔௟௟. At liquid-solid boundaries the heat conduction and convective heat transfer to the fluid are coupled by 
imposing heat flux continuity at the interface between the fluid and the solid walls [10] as shown in Fig. 7(a) , where ௦ܶǡ୻ and ௙ܶǡ୻ are respectively the interface temperature for solid and liquid. 
4. Results 
4.1  Effect of Grid Refinement  
The effects of grid density on the numerical solutions for all MCHS models were tested using four different mesh sizes, 
as indicated in Table 4 in SD, section 4, where grid 1 is the coarsest and grid 4 the finest for each particular MCHS 
model. The predicted values of the temperature between the heater and the heat sink bottom ( ௝ܶ௨௡௖௧௜௢௡) and average 
Nusselt number (ܰݑ௔௩௚) for all MCHS models for a water flow rate of  ?Ǥ ? ?݈Ȁ݉݅݊, water inlet temperature set at 20°C 
and input power of 100W are given in Table 4. The deviation percentages, E, are calculated with respect to the solutions 
on grid 4 in each case; these are small (~2%), thus grid 3 is employed for all MCHS computations reported below as a 
suitable compromise between efficiency and accuracy. 
4.2  Numerical Validation 
The numerical model was validated against a number of previous, relevant studies. The first comparison is with the 
numerical and experimental results obtained by Qu and Mudawar [10] and Kawano et al. [11] respectively, who 
considered water flow in a single rectangular microchannel cooling a chip. The water inlet temperature is 20°C and a 
constant heat flux of 90W/cm2 is supplied at the upper boundary. The silicon microchannels have a width and depth of 
ȝPDQGȝP respectively, with a separating wall of 43ȝP. A free-tetrahedral mesh was used to simulate the single 
microchannel with 200,180 elements. The outlet thermal resistance (ܴ௧௛ǡ௢௨௧ ൌ ൫ ௦ܶ௨௥௙ǡ೘ೌೣ െ ௙ܶǡ௜௡൯ ݍ ? ) was determined over 
the Reynolds number range 5H. It is clear from Fig. 8 that the predictions of ܴ௧௛ǡ௢௨௧ agree well with the 
previous studies: a maximum discrepancy < 3.5% with Qu and Mudawar¶V [10] numerical predictions and < 6.5% with 
the experimental study of Kawano et al. [11]. 
 
 
 (a) 
 
Fig. 7: 3-D view and back side of SPSM design used in simulation to explain the boundary conditions; 
a) Conjugate heat transfer of the MCHS; b) Isometric view; c) Bottom side of the MCHS.. 
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4.3   Flow and pressure drop characteristics of MCHS 
Fig. 9 shows the effect of water flow rate ( ?Ǥ ? ൑ ௜ܳ௡ ൑  ?Ǥ ?݈Ȁ݉ ݅݊) on the experimental measurements of the total 
pressure drop ( ? ௧ܲ) for the SRM heat sink with input heating powers of 50, 75 and 100W. Depending on the inlet tube 
diameter (2.5mm), the flow is considered turbulent when ܳ௜௡ ൒  ?Ǥ ? ?݈Ȁ݉݅݊. As expected,  ? ௧ܲ increases rapidly with 
flow rate and as the input power increases the pressure drop decreases monotonically. The latter behaviour is due to the 
reduction in density and viscosity, and this behaviour in unaffected by whether the water flow is in the laminar or 
turbulent flow regime. The experimental data for the heating power of 100W is also compared against analytical equation 
proposed (see, Eq. 10) and corresponding numerical predictions which simulate the entire SRM heat sink. As shown in 
Fig. 10, there is reasonable agreement between experimental data and with both the numerical and analytical predictions, 
with a typical discrepancies of 9% and 15%, respectively. 
  
 
  
 
 
 
 
 
 
Fig. 11(a) compares experimental measurements and numerical predictions of  ? ௧ܲ versus ܳ௜௡ for the SPSM design, 
while Fig. 11(b) shows the corresponding data for both the DPSM and TPSM test sections. The inlet tube diameter for 
the SPSM was 1.5mm, and 2.5mm for both the DPSM and TPSM. In all cases, as ܳ௜௡ is increased  ? ௧ܲ increases rapidly 
due to both the larger friction forces generated inside the straight and curved channels and increases to the minor pressure 
losses. It is clear from the Fig. 11 that the SPSM has a higher pressure drop compared with the other MCHSs, while the 
second and third highest pressure drop were seen in the DPSM and TPSM, respectively. The maximum discrepancy 
between the experimental data and numerical predictions were found to be 12.5%, 10.6% and 10.2% for the SPSM, 
DPSM and TPSM designs, respectively. 
 
Fig. 9: The experimental total pressure drop in SRM heat sink 
design versus volumetric flow rate ( ௜ܳ௡) at three different 
input powers of 50, 75 and 100W. 
Fig. 8: Comparison between the numerical present work and Kawano 
et al. and Qu & Mudawar works for outlet thermal resistance. 
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Fig. 10: Comparison for total pressure drop in SRM heat sink 
design versus volumetric flow rate ( ௜ܳ௡) at input power of 
100W. 
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The pressure distributions through the twelve-serpentine microchannels are illustrated in Fig. 12(a), while Fig. 12(b) 
demonstrates the percentage of pressure drop in both straight and bend microchannels in SPSM heat sink design at three 
different volumetric flow rate at input power of 100W. The markers in Fig. 12(a)  represent maximum and minimum 
pressure in each straight portion of the microchannels, while the gaps between adjacent markers denote the pressure loss 
at bend, see Eqs. S.12 and S.13 in SD in section 3. The bend loss coefficient, ߦ, is determined based on the correlation 
equation proposed by Maharudrayya et al. [33] for laminar single phase flow. The results obtained from the latter two 
equations were validated with numerical predictions and good agreement was achieved with average discrepancy of 8% 
for three different ܳ௜௡. As shown in Fig. 12(b)  the percentage of pressure drop in bends were higher than those in 
straight channels at each ܳ௜௡ , and this percentage increases with ܳ௜௡ . The data obtained from Eq. (13) have been 
compared with experimental pressure drop and acceptable agreement was found, with typical discrepancy of 13% at 
each ܳ௜௡.  
  
 
 
 
 
 
 
 
 
In the experiments the relative surface roughness (ߝ ܦ௛ ? ) for the four MCHS test sections was measured to be  ?Ǥ ? ? ?ൈ ? ?ିଷ for the SRM heat sink and  ?Ǥ ? ?ൈ  ? ?ିଷ for the other three serpentine MCHS designs. Kandlikar et al. [40] studied 
the effect of surface roughness on pressure drop and heat transfer characteristics in 0.62 and 1.067 mm diameter stainless 
steel micro-tubes. The relative surface roughness for the larger diameter tube ranged from 0.00176 to 0.0028, and their 
results showed that the effects of varying surface roughness on pressure drop and heat transfer were insignificant. Since 
the relative roughnesses of the microchannels tested in the present experimental work were smaller than those of 
Fig. 11: The total pressure drop for (a) SPSM; (b) DPSM and TPSM models at 
different water flow rate and at input power of 100W. 
Turbulent 
flow 
Laminar 
flow 
Turbulent 
flow 
Laminar 
flow 
a) SPSM Heat Sink b) DPSM & TPSM Heat Sinks 
(a) 
(b) 
Fig. 12: The total pressure drop in SPSM design at different water flow rate and at input power of 
100W; (a) pressure distribution through 12-serpentine channels ; (b) pressure drop percentage. 
[14] 
 
Kandlikar et al. [40], it is likely that the surface roughness (ߝ) does not have a significant effect on the pressure drop and 
heat transfer coefficient in the present study.   
Fig. 13 shows the pressure drop contours of the four MCHS designs used at the mid-depth plane of the channel (Z=Hch/2) 
for laminar flow with ܳ௜௡ ൌ  ?Ǥ ? ?݈Ȁ݉݅݊ and an input power of 100W. It can be seen that the SPSM creates a larger 
pressure drop than other cases. This is due to the facts that water in the SPSM flows inside one channel only, unlike the 
DPSM and TPSM where fluid is distributed into two and three microchannel respectively, leading to reductions in both 
the velocity and pressure drop in the latter two cases, and the larger microchannel length in the SPSM. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.4     Heat transfer characteristics of MCHS 
4.4.1    Wall and fluid bulk temperature distribution 
To obtain the heat transfer coefficient (݄) and Nusselt number (ܰݑ ), the microchannel base and the fluid bulk 
temperature must first be determined. The local microchannel base temperature along the axial location of the 
microchannel can be calculated using Eq. (4) and the local fluid bulk temperature can be determined using Eq. (5). Fig. 
14 presents experimental data and numerical predictions of the channel bottom temperature distribution along the 
microchannel length for the SRM test section, together with the inlet and outlet water temperatures measured using 
Fig. 13: Pressure drop contours of four MCHS at the mid-depth plane of the channel 
(Z=Hch/2) : (a) SRM; (b) SPSM ; (c) DPSM; (d) TPSM. 
(b) (a) 
(c) (d) 
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thermocouples inserted at the inlet and outlet of the MCHS. Good agreement between theory and experiment was 
obtained, with discrepancies of less than 3.8% for the microchannel base temperature and 2.4% for the fluid bulk 
temperature. 
The data shows how the microchannel base temperature increases along the flow direction and that the difference in 
temperature between the water and channel base along the axial flow direction is not constant which indicates that the 
flow is thermally developing throughout the whole of the MCHS, a desirable feature which leads to enhanced heat 
transfer. 
 
 
 
 
 
 
 
 
4.4.2   Heat transfer coefficient (ࢎ) and the Nusselt number (ࡺ࢛) 
The length of the thermally developing entrance region was estimated using the equation proposed by Shah and London 
[41] (ܮ௧௛ ൌ ݔכǤ ܴ݁Ǥ ܦ௛Ǥ ܲݎ), where ݔכ denotes the dimensionless thermal entrance length, which is a function of the 
aspect ratio, and following Lee et al. [42] was taken to be 0.05 in this study. At an input power of 100W for the SRM 
heat sink, it was found that the thermally developing entrance length ܮ௧௛ exceeds the total microchannel length at every ܴ݁ chosen, which indicates that the entire flow inside the channel is thermally developing. 
After obtaining the average heat transfer coefficient (݄௔௩௚), the average Nusselt number (ܰݑ௔௩௚) can be calculated using 
Eq. (9), where the experimental values of ݄௔௩௚ are determined at ௙ܶǡ௔௩௚ and ௪ܶǡ௔௩௚ over a wide range of ܳ௜௡ from 0.1 
to 3.0 l/min. The experimental ܰݑ௔௩௚ data obtained from the SRM design was compared with a number of correlation 
equations for both laminar and turbulent flow regimes as shown in Fig. 15. This shows that there is generally good 
agreement between the experimental measurements and numerical predictions of ܰݑ௔௩௚ with an average discrepancy of 
less than 6% for both laminar and turbulent flow regimes.  
The experimental ܰݑ௔௩௚  data in the thermally developing laminar flow region are compared with the theoretical 
equation proposed by Lee and Garimella [43] for straight rectangular cross-section channels, for aspect ratios ranging 
between 1 and 10, (see Eq. (S.4) in the Table 2, SD, section 1). The equation of Lee and Garimella [43] is applicable to 
cases of uniform heat flux with circumferentially constant temperature and axially constant heat flux on the walls [29], 
and is valid when the dimensionless axial distance (ݔכ) is less than the length of the thermally developing region (ݔ௧௛כ ). 
Otherwise the flow is considered to be fully developed and Eq. (S.6) from Shah and London [41] will be used instead. 
The local average Nusselt number for three-sided heating can be estimated using the correction factor proposed by 
Phillips [7]: 
Tf.in measured by 
thermocouple 
Tf.out measured by 
thermocouple 
Fig. 14: Distribution of base and fluid bulk temperature along the microchannel axis 
distance for SRM design for ௜ܳ௡ ൌ  ?Ǥ ?݈Ȁ݉݅  ݊at input power of 100W. 
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where ܰݑଷǡ௙ௗ ?௟௔௠ and ܰݑସǡ௙ௗ ?௟௔௠ denotes the Nusselt number in the fully developed region in the SRM for the three-
sided and four-sided heating case respectively as defined in Eqs. (S.5 and S.6) in the Table 2, SD, section 1, while ߙ is 
the aspect ratio (ߙ ൌ ௖ܹ௛ ܪ௖௛ ? ). It is clear from the Fig. 15 that there is good agreement between the experimental ܰݑ௔௩௚ data obtained and the equation of Lee and Garimella [43] in the laminar flow regime for three sided wall heating, 
with a discrepancy of less than of 7%. These small differences in the ܰݑ௔௩௚ values may be due to the fact that the flows 
in the present study feature both hydrodynamically- and thermally-developing flow, whereas /HH DQG *DULPHOOD¶V
equation is for flow which is hydrodynamically fully developed but thermally developing. For turbulent flow (ܴ݁ ൐ ? ? ? ?), the experimental ܰݑ௔௩௚ values for the SRM heat sink were compared with the experimental correlation proposed 
by Dittus-Boelter [44] for fully developed flow in smooth circular cross-sections, as given in Eq. (S.7) in the Table 2, 
SD, section 1. The maximum discrepancy in this case was around 12.5%. 
 
 
 
 
 
 
 
 
 
Fig. 16 compares the values of ܰݑ௔௩௚ obtained experimentally and numerically as a function of flow rate, ܳ௜௡ǡ for the 
four MCHS designs with an input heating power of 100W. The agreement between experiment and theory is once again 
reasonably good with average discrepancy of 6.5% for all MCHSs used, and all values of ܰݑ௔௩௚ increase monotonically 
with ܳ௜௡ Ǥ The ܰݑ௔௩௚ values for the SPSM design, for the same ܳ௜௡ǡ are the largest, followed by those for the DPSM and 
TPSM with those from the SRM the lowest. For example, at a volumetric flow rate is  ?Ǥ ?݈Ȁ݉݅݊, ܰݑ௔௩௚ for the SPSM 
is 18.9, which is 35.0%, 21.2% and 12.2% higher than the values for the SRM, TPSM and DPSM respectively. This due 
to the fact that the water in the SPSM and DPSM designs experiences a greater number of bends which disrupt the 
thermal boundary layer more effectively, reducing the wall temperature and leading to higher heat transfer. Note that, 
as seen above, this improved heat transfer for the SPSM and DPSM designs comes at the price of a significantly larger 
pressure drop compared to the other MCHS designs. 
 
 
 
 
 
Fig. 15: The average Nusselt number versus Re for input power of 100W. 
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Fig. 17(a-d) depicts the temperature contours for the four MCHS designs, which are taken at the half depth of the 
microchannel (ܪ௖௛Ȁ ?), ܳ௜௡ ൌ  ?Ǥ ? ?݈Ȁ݉݅݊ and input power of 100W. For all MCHS, it can be noted that the temperature 
difference between the near wall fluid and core fluid increases as the flow travels downstream. The side wall temperature 
distribution of SPSM along the flow length was smaller than other MCHSs, while that for the SRM design was higher. 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
(a) (b) 
Fig. 17: Temperature contours of the four MCHSs: (a) SRM; (b) SPSM; (c) DPSM; (d) 
TPSM. 
(c) (d) 
Fig. 16: The average Nusselt number versus water flow rate ( ௜ܳ௡) for 
four MCHS designs at input power of 100W. 
[18] 
 
Fig. 18 shows the velocity distribution and the velocity vectors for the SPSM test section, at the mid-depth plane of the 
channel (ܪ௖௛Ȁ ?), for a volumetric flow rate (ܳ௜௡) of  ?Ǥ ? ?݈Ȁ݉݅݊ and an input power of 100 W. Due to flow continuity, 
the SPSM model has higher velocities compared with the other two types of serpentine channel designs, and it can be 
seen that a small region of recirculating flow is created near the inner surface of the bend, which aids the transportation 
of heat from the walls into water and disrupts the hydrodynamic and thermal boundary layers, thus improving the 
convective heat transfer [45]. 
 
 
 
 
 
 
 
 
 
4.5    Thermal resistance 
The thermal resistance (ܴ௧௛) measures the resistance of the MCHS to dissipating the input power [46], and is a commonly 
used parameter within the field of electronic cooling. It is defined by the ratio of the temperature difference of the 
substrate and the inlet of the microchannel to the heating power received by water in the microchannel region, ܴ௧௛ ൌ  ?௤் ൌ ೘்ೌೣି்೑ǡ೔೙௤            (oC/W)                                                                                                                            (27) 
where ௠ܶ௔௫ is the maximum temperature measured by the four thermocouples inserted in the copper block (see Fig. 6), ௙ܶǡ௜௡  is the inlet water temperature, and ݍሺܹሻ  is the power supplied by the heater. Fig. 19 shows experimental 
measurements of ܴ௧௛ for the four different MCHS designs as a function of volumetric flow rate for an input heating 
power of 100W and an inlet water temperature of 20°C. The figure shows that the ܴ௧௛ values decrease for higher flow 
rates and those for the SPSM design are the smallest followed by the DPSM, TPSM and the conventional SRM. For 
example, at a ܳ௜௡ ൌ  ?Ǥ ?݈Ȁ݉݅݊, ܴ௧௛ for the SPSM is 0.1 oC/W, which is 32.8%, 26.2% and 13.7% lower than the values 
for the SRM, TPSM and DPSM respectively. The reasons for the smaller thermal resistances of the SPSM design have 
been described above, namely the preservation of hydrodynamically- and thermally-developing flow due to its multiple 
bends and the recirculating regions induced near the inner bend surfaces. 
 
 
 
 
 
 
Fig. 18: Velocity distribution and velocity vectors for the SPSM design at ௜ܳ௡ ൌ  ?Ǥ ? ?݈Ȁ݉݅݊ 
and input power of 100W. 
Vortex 
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4.6    Performance Evaluation Analysis 
As indicated by the above experimental and numerical results for fluid flow and heat transfer, the SPSM heat sink 
designs can enhance heat transfer at the expense of a higher pressure drop. Thus, the benefits and disadvantages of the 
new serpentine MCHSs are assessed using a performance evaluation criterion (PEC) index based on the same pumping 
power consumption, as defined in [47, 48]: 
ܲܧܥ ൌ ாಿೠೌೡ೒൫ா೑൯భ యൗ ൌ ಿೠೌೡ೒ಿೠೌೡ೒ǡೄೃಾ൬ ೑೑ǡೄೃಾ൰భ యൗ                                                                                                                           (28) 
where ܧே௨ೌೡ೒ and ܧ௙ are respectively the heat transfer enhancement and friction factor parameters, which are defined 
as the average Nusselt number (ܰݑ௔௩௚) and friction factor (݂) of the present enhanced MCHSs (SPSM, DPSM and 
TPSM) divided by those of SRM heat sinks, respectively. To calculate the ݂ values for the three different serpentine 
MCHS configurations, Eqs. (13, 14 and 15) were used to determine the apparent friction factor ( ௔݂௣௣) since the total 
pressure drop and the minor pressure losses are known, while Eq. (10) was used to estimate the ௔݂௣௣ for the SRM heat 
sink. The PEC values of all the MCHS designs are plotted as functions of volumetric water flow rate (ܳ௜௡) as shown in 
Fig. 20. It is observed that the PEC of the SPSM heat sink is the smallest. This implies that the SPSM requires higher 
pumping power to achieve a higher heat transfer coefficient, while the PEC of the TPSM heat sink is the highest which 
implies that the higher thermal performance is achievable with less pumping power. 
In addition, it can be seen that the values of PEC are decreased when ܳ௜௡ ൐  ?Ǥ ?݈Ȁ݉ ݅݊ for all MCHS test sections, and 
this due to the high pressure drop penalty which outweighs the heat transfer enhancement (ܧே௨ೌೡ೒) especially in the 
SPSM heat sink. It should be noted that the PEC values for both DPSM and TPSM designs are larger than 1 compared 
with the SPSM which is around 0.71, and this belong to the high pressure drop penalty for the SPSM design although 
the increase in the ܧே௨ೌೡ೒. 
 
 
 
 
 
 
Fig. 19: Experimental total thermal resistance versus volumetric flow rate at input power of 100W.  
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5.   Conclusions 
This study has demonstrated that channel design in MCHS has a strong influence on both heat transfer and pressure 
drop. Experimental and numerical results show that ܰݑ௔௩௚ increases monotonically with flow rate, due to reductions in 
the thickness of the thermal boundary layer, and that the SPSM design provides the most effective heat transfer, followed 
by the DPSM and TPSM with the SRM heat sink having the poorest heat transfer. The experiments show further that 
this leads to the SPSM design having the smallest thermal resistances, with values typically third of those for the poorest 
performing, SRM heat sink. 
The numerical predictions of ܰݑ௔௩௚ agree well with the experimental measurements with an average discrepancy of 
around 6% for both the laminar and turbulent flow regimes. Comparisons with existing correlations for ܰݑ௔௩௚ for SRM 
show that the present experimental results agree well with the correlation of Lee and Garimella [43] in the laminar 
regime, with a discrepancy of less than 7%, and with that of Dittus-Boelter [44] in the turbulent regime, with a 
discrepancy of around 12.5%. The numerical solutions show that the channel bends are very influential in preventing 
the hydrodynamic and thermal boundary layers attaining a fully-developed state and that their greater influence for the 
SPSM and DPSM designs leads to enhanced heat transfer compared to the other designs. In the SPSM case, the numerical 
results also reveal the presence of a recirculating flow region that further enhances heat transfer from the inner bend 
wall. 
These improvements in heat transfer are, however, achieved at the price of significantly larger pressure drops for the 
SPSM design, the values of which are reduced by the smaller water density and viscosity at high heating power densities. 
Practical design considerations, where the goal is to achieve a high heat transfer without excessive pressure drop, leads 
to a multi-objective design optimisation problem. This design optimisation will be addressed in future work.  
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Fig. 20: Performance evaluation criterion obtained from experiments for three serpentine 
MCHS designs versus ܳ௜௡ at input power of 100W.  
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Table 1 
Friction factor correlation for single-phase flow in MCHS. 
Author [Ref.] Published correlation equation Eq. Geometry Flow regime Range of validity 
Shah and London 
[41] ௟݂௔௠ǡ௙ௗ ൌ ଶସோ௘ ሺ ? െ  ?Ǥ ? ? ? ?ן ൅ ?Ǥ ? ? ? ?ןଶെ  ?Ǥ ? ? ? ? ןଷ൅ ?Ǥ ? ? ? ?ןସെ  ?Ǥ ? ? ? ?ןହሻ   S.1  Rectangular  Fully developed laminar  Re < 2300 
 
 
Shah [30] 
 
 
Lee and Qu [S1] 
௔݂௣௣Ǥ ?௅௔௠௜௡௔௥ൌ ଷǤସସோ௘ ?௫శ ൅ ൫௙೗ೌ೘ǡ೑೏ ?ோ௘൯ା಼ሺಮሻరೣశ ିయǤరరඥೣశோ௘൬ଵା ಴ೣశమ൰    ܭሺ ?ሻ ൌ  ?Ǥ ? ? ?൅  ?Ǥ ? ? ? ? ן ൅ ?Ǥ ? ? ? ? ןଶെ  ?Ǥ ? ? ? ? ןଷ                                                                                                      ܥ ൌ ሺ ?Ǥ ? ? ? ?൅  ?Ǥ ? ? ? ? ן ൅ ?Ǥ ? ? ? ? ןଶሻ ൈ  ? ?ିସ                                                                                            
 
S.2 
 
circular and 
non-circular 
channels 
 
Developing flow 
laminar 
 
Re < 2300 
 
 
Phillips [7] ௧݂௨௥௕ ?௉௛௜௟௟௜௣௦ൌ ൭ ?Ǥ ? ? ? ?൅ ଵǤ଴ଵ଺ଵଶ൬ಽ೎೓ವ೓ ൰ ൱ ܴ݁௘௤ቌି଴Ǥଶ଺଼ି
బǤయభవయ൬ಽ೎೓ವ೓ ൰ ቍ
  ܴ݁௘௤ ൌ  ఘ೑Ǥ௏೎೓Ǥ஽೓೐೜ఓ೑     ,     ܦ௛೐೜ ൌ ܦ௛ ቀଶଷ ൅ ଵଵןሺଶିןሻଶସ ቁ  
 
S.3 
 
Rectangular 
 
Developing flow 
turbulent 
 
3000 < Re < 105 
 
Author [Ref.] Published correlation equation Eq. Geometry Flow regime Range of validity 
 
Lee and Garimella 
[43] 
ܰݑସǡ௫ ൌ ଵ஼భሺ௫כሻ಴మା஼య ൅ ܥସ݂݋ݎݔכ  ൏  ݔ௧௛כ                                                                                                                    
Where ݔ௧௛כ  denotes the length of the thermally developing 
region as: ݔ௧௛כ ൌ ିଵǤଶ଻ହൈଵ଴షలןల ൅ ସǤ଻଴ଽൈଵ଴షఱןఱ െ ଺Ǥଽ଴ଶൈଵ଴షరןర ൅ ହǤ଴ଵସൈଵ଴షయןయ െଵǤ଻଺ଽൈଵ଴షమןమ ൅ ଵǤ଼ସହൈଵ଴షమן ൅  ?Ǥ ? ? ? ? ?                                              ܥଵ ൌ ିଶǤ଻ହ଻ൈଵ଴షయןయ ൅ ଷǤଶ଻ସൈଵ଴షమןమ െ ଻Ǥସ଺ସൈଵ଴షఱן ൅  ?Ǥ ? ? ?  ܥଶ ൌ  ?Ǥ ? ? ? ?  ܥଷ ൌ ଵǤ଺଴ସൈଵ଴షరןమ െ ଶǤ଺ଶଶൈଵ଴షయן ൅  ?Ǥ ? ? ?ൈ  ? ?ିଶ  ܥସ ൌ  ?Ǥ ? ? ?െ ଵଷǤଵଵן ൅ ଵହǤଵଽןమ െ ଺Ǥ଴ଽସןయ   
 
S.4 
 
Rectangular 
 
Thermally developing 
laminar flow 
 
Re < 2300 
 
 
Shah and London 
[41] 
ܰݑଷǡ௙ௗ ?௟௔௠ൌ  ?Ǥ ? ? ?ሺ ? െ  ?Ǥ ? ? ?ן ൅ ?Ǥ ? ? ? ןଶെ ?Ǥ ? ? ?ןଷ൅  ?Ǥ ? ? ? ןସെ  ? ןହሻ          ܰݑସǡ௙ௗ ?௟௔௠ൌ  ?Ǥ ? ? ?ሺ ? െ  ?Ǥ ? ? ? ? ן ൅ ?Ǥ ? ? ? ? ןଶെ ?Ǥ ? ? ? ? ןଷ൅  ?Ǥ ? ? ? ? ןସെ  ?Ǥ ? ? ? ?ןହሻ                          
 
S.5 
 
 
S.6 
 
Rectangular 
 
 
Rectangular 
 
Fully developed laminar 
 
Fully developed laminar 
 
Re < 2300 
 
 
Re < 2300 
Dittus-Boelter [44] ܰݑ஽௜௧௧௨௦ି஻௢௘௟௧௘௥ǡ௙ௗ ?௧௨௥௕ൌ  ?Ǥ ? ? ?Ǥ ܴ݁଴Ǥ଼Ǥܲݎ଴Ǥସ S.7 Circular Fully developed turbulent 3000 < Re < 105 
 
Table 2 
Heat transfer correlation for single-phase flow in MCHS. 
[24] 
 
Section 2: 
 
 
 
 
 
 
The final uncertainty equations associated with ௖݂௛, ܰݑ and ܴ௧௛ for SRM Heat Sink are given as: 
௎೑೎೓௙೎೓ ൌ ඨቀ௎ ?ು೎೓ ?௉೎೓ ቁଶ ൅ ቀ௎ഐఘ ቁଶ ൅ ቀ௎ಽ೎೓௅೎೓ ቁଶ ൅  ? ቀ௎ೂொ ቁଶ ൅  ? ቀ௎ೈ೎೓ௐ೎೓ ቁଶ ൅ ቀ ௎ೈ೎೓ு೎೓ାௐ೎೓ቁଶ ൅ ? ቀ௎ಹ೎೓ு೎೓ ቁଶ ൅ ቀ ௎ಹ೎೓ு೎೓ାௐ೎೓ቁଶ             (S.8) 
௎ಿೠே௨ ൌ േඨቀ௎ೇ௏ ቁଶ ൅ ቀ௎಺ூ ቁଶ ൅ ቆ൬ ்ೢ்ೢ ି்೑൰ ௎೅ೢ்ೢ ቇଶ ൅ ቆ൬ ்೑்ೢ ି்೑൰ ௎೅೑்೑ ቇଶ ൅ ൬௎ಲ೐೑೑஺೐೑೑ ൰ଶ ൅ ൬௎ೖ೑௞೑ ൰ଶ ൅ ቀ௎ವ೓஽೓ ቁଶ                         (S.9) 
௎ೃ೟೓ோ೟೓ ൌ േඨቀ௎ೇ௏ ቁଶ ൅ ቀ௎಺ூ ቁଶ ൅ ቆ൬ ்ೢ்ೢ ି்೑൰ ௎೅ೢ்ೢ ቇଶ ൅ ቆ൬ ்೑்ೢ ି்೑൰ ௎೅೑்೑ ቇଶ                                                                           (S.10) 
Properties of water such as fluid density, dynamic viscosity, specific heat, Prandtl number (Pr) and thermal conductivity 
(k) were determined according to the tabulated values in Incropera and DeWitt [S2], leading to uncertainties in the fluid 
properties of around 0.5%. By using the estimated errors of the parameters listed in Table 3, the experimental uncertainty 
for ܴ݁, ௖݂௛, ܴ௧௛ and ܰݑ can be calculated. 
Section 3: 
To predicate the excess bend loss coefficient (ߦ) in SPSM heat sink design, Maharudrayya et al. [33] carried out a CFD 
simulation of laminar single-phase flow through 180o bends and serpentine rectangular channels, and three-regime 
correlation was proposed to determine the ߦ as a function of the Reynolds number ( ? ൏ܴ݁ ൌ ఘ೑ ?ೇ೎೓ ?ವ೓ఓ೑ ൏  ? ? ? ?), aspect 
ratio ( ? ൏ ߙ ൌ ு೎೓ௐ೎೓ ൏  ?), curvature ratio ( ? ൏ ܥ ൌ ோ೎஽೓ ൏  ?) and fin width as follows: 
For ൏  ? ? ? : ߦ ൌ  ?                                                                                                                                                                        (S.11a) 
For  ? ? ?൏ ܴ݁ ൏  ? ? ? ? : ߦ ൌ  ?Ǥ ? ?ሺܴ݁ሻଵ ଷൗ ሺ ? െ  ?Ǥ ? ?ܥ ൅  ?Ǥ ? ? ?ܥଶሻ ൈ ሺ ? െ  ?Ǥ ?ߙ ൅  ?Ǥ  ? ? ?ߙଶሻ ൈ ቆ ? ൅  ?Ǥ ? ?ቀௐೢ஽೓ ቁଶ ଷൗ െ  ?Ǥ ? ? ? ?ቀௐೢ஽೓ ቁଶቇ  (S.11b)               
For  ? ? ? ?൏ ܴ݁ ൏  ? ? ? ? : ߦ ൌ  ?Ǥ ?ሺ ? െ  ?Ǥ ? ?ܥ ൅  ?Ǥ ? ? ?ܥଶሻ ൈ ሺ ? െ  ?Ǥ ?ߙ ൅  ?Ǥ  ? ? ?ߙଶሻ ൈ ቆ ? ൅  ?Ǥ ? ?ቀௐೢ஽೓ ቁଶ ଷൗ െ  ?Ǥ ? ? ? ?ቀௐೢ஽೓ ቁଶቇ                (S.11c)         
 
 
 
Table 3 
Uncertainty of various critical MCHS parameters. 
Variable Total relative uncertainties 
Channel widt ( ௖ܹ௛)  ±0.60%, ±0.4% 
Channel height (ܪ௖௛)  ±0.30%, ±0.2% 
Channel length (ܮ௖௛) ±0.03%, ±0.002% 
Fin width ( ௪ܹ) ±0.6% 
Hydraulic diameter (ܦ௛) ±0.41%, ±0.27% 
Volumetric flow rate (ܳ௜௡) ±2.5% ± ±0.083% 
Temperature (ܶ) ±0.3% 
Nusselt number (ܰݑ) ±3.7% ± ±9% 
Pressure drop ( ? )ܲ ±2.6% ± ±15.2% 
Friction factor (݂) ±3.4% ± ±16.3% 
Thermal resistance (ܴ௧௛) ±2.8% ± ±7.3% 
 
[25] 
 
where ܴ௖ represents the mean radius of the bend. 
The pressure distribution in every straight microchannel in SPSM heat sink is represented by the maximum and 
minimum pressure, which are given by [S3]: 
௠ܲ௜௡ ൌ  ? ௧ܲ ?ௌ௉ௌெെ ሺ݅ െ  ?ሻ ଵଶ Ǥߩ௙Ǥ ௖ܸ௛ଶ ቀ ? ௔݂௣௣  ?௅೎೓஽೓ ൅ ߦቁ                                                                                    (S.12) 
௠ܲ௔௫ ൌ  ? ௧ܲ ?ௌ௉ௌெെ ଵଶ Ǥߩ௙Ǥ ௖ܸ௛ଶ ቀ ?݅ ௔݂௣௣  ?௅೎೓஽೓ ൅ ሺ݅ െ  ?ሻߦቁ                                                                                   (S.13) 
Section 4: 
Fig. S1 shows the mesh in TPSM heat sink design and resolution was increased near the bends. 
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Table 4 
Validation of grid independence. 
 Straight rectangular MCHS (SRM) Single path multi-serpentine rectangular MCHS (SPSM) 
 1 ሺ ?Ǥ ? ? ?ൈ  ? ?଺ሻ ܧ ?  2 ሺ ?Ǥ ? ? ?ൈ  ? ?଺ሻ ܧ ?  3 ሺ ?Ǥ ? ? ?ൈ  ? ?଺ሻ ܧ ?  4 ሺ ?Ǥ ? ? ?ൈ  ? ?଺ሻ 1 ሺ ?Ǥ ? ? ?ൈ  ? ?଺ሻ ܧ ?  2 ሺ ?Ǥ ? ? ?ൈ  ? ?଺ሻ ܧ ?  3 ሺ ?Ǥ ? ? ?ൈ  ? ?଺ሻ ܧ ?  4 ሺ ?Ǥ ? ? ?ൈ  ? ?଺ሻ ௝ܶ௨௡௖௧௜௢௡ሺ ?ሻ 57.4 5.7 56.0 3.1 55.0 1.3 54.3 47.4 7.5 46.0 4.3 44.9 1.8 44.1 ܰݑ௔௩௚           9.7 9.0 9.3 4.5 9.1 2.2 8.9 14.3 8.3 13.8 4.6 13.5 2.3 13.2 
   
 Double path multi-serpentine rectangular MCHS (DPSM) Triple path multi-serpentine rectangular MCHS (TPSM) 
 1 ሺ ?Ǥ ? ? ?ൈ  ? ?଺ሻ ܧ ?  2 ሺ ?Ǥ ? ? ?ൈ  ? ?଺ሻ ܧ ?  3 ሺ ?Ǥ ? ? ?ൈ  ? ?଺ሻ ܧ ?  4 ሺ ?Ǥ ? ? ?ൈ  ? ?଺ሻ 1 ሺ ?Ǥ ? ? ?ൈ  ? ?଺ሻ ܧ ?  2 ሺ ?Ǥ ? ? ?ൈ  ? ?଺ሻ ܧ ?  3 ሺ ?Ǥ ? ? ?ൈ  ? ?଺ሻ ܧ ?  4 ሺ ?Ǥ ? ? ?ൈ  ? ?଺ሻ ௝ܶ௨௡௖௧௜௢௡ሺ ?ሻ 51.3 6.2 49.4 2.3 48.9 1.2 48.3 54.0 8.0 52.6 5.2 51.0 2.0 50 ܰݑ௔௩௚  12.8 7.5 12.4 4.2 12.1 1.7 11.9 11.4 8.6 11.0 4.8 10.7 1.9 10.5 
 
Fig. S1: Numerical mesh using case 3 for a TPSM design. 
 
